Patients with repaired tetralogy of Fallot account for the majority of cases with late onset right ventricle (RV) failure. A new surgical procedure placing an elastic band in the right ventricle is proposed to improve RV function measured by ejection fraction. A multiphysics modeling approach is developed to combine cardiac magnetic resonance imaging, modeling, tissue engineering and mechanical testing to demonstrate feasibility of the new surgical procedure. Our modeling results indicated that the new surgical procedure has the potential to improve right ventricle ejection fraction by 2-7% which compared favorably with recently published drug trials to treat LV heart failure.
Introduction
Patients with repaired Tetralogy of Fallot (ToF), a congenital heart defect which includes a ventricular septal defect and severe right ventricular outflow obstruction, account for the majority of cases with late onset RV failure. The current surgical approach, which includes pulmonary valve replacement/insertion (PVR), has yielded mixed results with many patients not recovering RV function after pulmonary valve insertion with or without concomitant RV remodeling surgery [1] [2] [3] [4] . Thus, there is a need for novel approaches to recover RV function in this rapidly growing patient group. A novel surgical procedure was developed where a more radical removal of RV patch and scar was performed with a smaller outflow patch ( Fig. 1) [5] . A randomized clinical trial (NIH 5P50HL074734, Geva and del Nido) was developed to compare conventional pulmonary valve insertion with moderate patch removal vs. PVI with the more radical RV patch and scar removal (Fig 1a vs. Fig 1b) . 64 patients who underwent ToF procedures in early childhood and fulfilled the defined clinical criteria for PVI were randomly assigned to undergo either PVI alone (n=34) or PVI with surgical RV remodeling (n=30). However, no significant difference was observed in the primary outcome (RV ejection fraction change 2-7% in the PVI alone group vs. 1-7% in the PVI with RV remodeling group; P=0.38) [6] . This study motivated the proposed new surgical procedures with band insertion to improve RV contraction and ejection fraction. In this paper, a novel surgical procedure with RV contracting band insertion is proposed to improve RV ejection fraction after PVI and RV remodeling. RV ejection fraction is a major index of RV function and an important determinant of clinical outcomes in patients with repaired ToF given by: (1) where RVEDV is RV end diastolic volume and RVEDV is RV end systolic volume. Figure 1 shows the conventional patch, a smaller patch with RV remodeling, a patch model with band insertion, and a tissue engineering process using fibrin-based microthreads to generate contractile bands. The idea is that the contracting band will help RV to contract, which may lead to significant improvement of RV function. An interdisciplinary approach integrating multiscale modeling, surgery, CMR, tissue engineering and mechanical engineering is proposed to tackle this challenging and important surgical problem with high impact to public health. The contracting band was added to our previous patient-specific MRI-based RV/LV/Patch models to investigate its impact and potential improvement on RV cardiac function and mechanical performance. The band models include: (a) an elastic band connecting the RV anterior free wall and the septum; (b) fluid-structure interactions to obtain both structure and flow shear stress conditions to identify optimal mechanical conditions for potential cell-seeded band tissue regeneration. (c) two-layer ventricle myocardial wall construction with realistic epicardial and endocardial fiber orientations; (d) anisotropic material properties for both RV and LV tissues; (e) a patch/scar area with different materials. The 3D CMR-based RV/LV/Patch/Band models were solved to obtain 3D ventricular deformation and stress/strain distributions for accurate assessment of RV cardiac function and mechanical conditions. The computational models were validated by CMR data first and then used to assess the effect of different band approaches with the ultimate goal of improving recovery of RV function after surgery. Initial evidence showing improvement of RV ejection fraction using RV/LV/Patch models with band insertion and detailed band stress/strain and flow shear stress conditions are presented.
Recent advances in computational modeling, methods and computer technology have made it possible for computer-simulated procedures to be used in clinical decision-making process to replace empirical and often risky clinical experimentation to examine the efficiency and suitability of various reconstructive procedures in diseased hearts [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Peskin pioneered heart modeling effort with his celebrated immersed boundary method [7] [8] . More recently, Hunter, McCulloch, Guccione, Kerckhoffs, Costa, Axel, Saber and many other authors have made great contributions to passive and active ventricle modeling, including the Physiome Project and the Continuity package [9] [10] [11] [12] [13] [14] [15] [16] . In our previous papers, patient-specific cardiac magnetic resonance (CMR) image-based computational right and left ventricle (RV/LV) models with fluid-structure interactions were introduced to assess outcomes of various RV reconstruction techniques with different scar tissue trimming and patch sizes [17] [18] [19] [20] . A recent review can be found in [17] .
Data Acquisition, Models and Methods

Data acquisition, 3D geometry re-construction and band location
CMR studies were performed by Dr. Tal Geva to acquire patient-specific ventricular geometry for a patients needing RV remodeling and pulmonary valve replacement operations (Fig. 2) . The RV and LV were imaged using ECG-gated, breath-hold steady state free precession cine MR in the ventricular short axis (12-14 equidistant slices covering the ventricles from base to apex; slice thickness 6-8 mm; interslice gap 0-2 mm; 30 frames per cardiac cycle). The valve and patch positions were determined with cine MR imaging, flow data, and delayed enhancement CMR to delineate location and extent of scar/patch. The CMR findings were subsequently confirmed by the intra-operative observations (del Nido). Band location was determined by Dr. del Nido based on his surgical experience and ventricle anatomic limitations (Fig. 1) . As patient-specific fiber orientation data was not available in practice, we chose to construct a two-layer RV/LV model and set fiber orientation angles using fiber angles given in Hunter et al. [13] (see Fig. 4 ). Fiber orientation can be adjusted when patient-specific data becomes available [21] . Three-dimensional RV/ LV geometry and computational mesh were constructed following the procedures described in [17] [18] [19] . Figure 2 shows pre-operative CMR images from the patient with repaired TOF and severe RV dilatation, the segmented contour pots, the stacked contours showing the location and orientation of the hypothetic elastic band, the 3D re-construction RV/LV geometry, ventricular fiber orientations from human and a pig hearts and a section of the model showing how the two-layer RV/LV model was constructed [13, 17, 21] .
Direct biaxial testing of human myocardium tissue material properties
Based on methods of Sacks and Choung [22] for canine hearts and informed by our previous biaxial testing [23] and the methods of Humphrey and colleagues [24] [25] [26] , we generated the first complete multiaxial mechanical data set for passive human ventricle tissues using a cadaveric heart sample (Fig 3) . A detailed description of the custom planar biaxial testing device and method has been previously described [22] . Approximately 20 mm x 20 mm x 2mm slices of the right free ventricular wall and left ventricular wall specimens were dissected from two human hearts obtained within 24 hours of harvest from donors (without a history of heart disease) from National Disease Research Interchange (NDRI, Philadelphia, PA), perfused and shipped in chilled cardioplegic solution to eliminate contraction of the muscle [27] [28] . For the right ventricular free wall, one epicardial sample was obtained due to the thinness of the wall. For the left ventricular wall, sequential thin planar specimens (~2 mm) epicardial-to-endocardial samples were obtained using a commercial stainless steel high speed rotating slicer [26] . The preferred fiber direction was determined visually, and the sample was mounted on the biaxial test device with the horizontal direction aligned with the fiber direction. Following 10 equibiaxial preconditioning cycles, five biaxial loading protocols were applied to samples immersed in room-temperature oxygenated cardioplegic solution. The applied maximum preferred-axis:cross-preferred-axis stress ratios were 1:1, 1:1.33, 1:2, 2:1, and 1.33:1 (see example engineering stress:strain plot for all protocols in Fig. 3d ). The forces along the axes were measured via two torque transducers with 7.6 cm Plexiglass arms extending out of the bath (effective resolution ~2 mN), and the deformation gradient, F, was measured by a CCD camera, detecting the positions of four graphite particles attached to the sample (effective resolution ~0.07 %).
For the elastic band model, uniaxial mechanical testing was performed using three sample bands made of Tecoflex EG-80A (Lubzizol Advanced Materials, Inc., Cleveland, Ohio, USA) to obtain material parameter values for our band material. The stress-stretch curves from Mooney-Rivlin model fitting ME test data of the Tecoflex band and other materials are shown by Fig. 4 in next section.
The FSI RV/LV/Patch/Band model with isotropic and anisotropic material models
Blood flow in the right ventricle was assumed to be laminar, Newtonian, viscous and incompressible. The Navier-Stokes equations with arbitrary Lagrangian-Eulerian (ALE) formulation were used as the governing equations. The RV and LV materials were assumed to be hyperelastic, anisotropic, nearly-incompressible and homogeneous. Patch and band materials were assumed to be hyperelastic, isotropic, nearly-incompressible and homogeneous. With the same assumptions and boundary conditions given in [18] , the FSI RV/LV/Patch/Band model is given below: (10) where u and p are fluid velocity and pressure, u g is mesh velocity, ρ stands for RV inner wall, f i,j stands for derivative of f with respect to the jth variable (or time t), σ r and σ s are fluid and structure stress tensors, and n r and n s are their outward normal directions, respectively, σ s is the strain tensor, v s is displacement, and σ s is material density. The normal stress was assumed to be zero on the outer RV/LV surface and equal to the normal stress imposed by fluid pressure on the inner RV/LV surfaces. Structure-only LV models were used to save model construction effort and computing time.
The nonlinear Mooney-Rivlin model was used to describe the nonlinear anisotropic and isotropic material properties. The strain energy function for the isotropic modified MooneyRivlin model is given by [17, 29] : (11) where I 1 and I 2 are the first and second strain invariants given by, (12) C =[C ij ] = X T X is the right Cauchy-Green deformation tensor, X=[X ij ] = [∂x i /∂a j ], (x i ) is the current position, (a i ) is the original position, c i and D i are material parameters chosen to match experimental measurements [17, 22, 30] . The strain energy function for the anisotropic modified Mooney-Rivlin model anisotropic model was obtained by adding an additional anisotropic term in Eq. (3) [29, 31] : (13) where I = C ij (n f ) i (n f ) j , C ij is the Cauchy-Green deformation tensor, n f is the fiber direction, K 1 and K 2 are material constants [29] . A two-step least-squares method was used to determine the parameter values in (5) to fit the experimental data given in [11] . Choosing c 1 =0.351 kPa, c 2 =0, D 1 =0.0633 kPa, D 2 =5.3, K 1 =1.913 kPa, K 2 =6.00, it was shown [17] [18] that stress-strain curves derived from Eq. (13) agreed very well with the stress-strain curves from the dog model given in [11] . Parameter values were then adjusted to fit CMRmeasured RV volume data. The stress-stretch curves and parameter values of the RV/LV tissues, patch, scar and band are given in Fig. 4 . Imposed RV pressure conditions and computational RV volume data from our baseline no-band model were given in Fig. 4 
(c)-(d). Good agreement between computational and CMR-measured volume data was found (error < 2%).
Three active band contraction models (with 10%, 15% and 20% band zero-stress length reduction) were evaluated to measure improvements in RV EF. "Actively contracting band" should be made of material which is able to contract the same way as normal myocardium does. This paper is mainly to demonstrate the potential benefit of actively contracting bands if such materials could be made available. A tissue engineering process generating materials for the contacting band is proposed and some brief information will be given in the Discussion session. Active band contraction was achieved by using an iterative procedure and coupling a separate simple band-only model to the whole RV/LV/Patch/Band model to adjust band zero-stress length (contraction at the start of systole and relaxation at the start of diastole), re-calculate band displacement, stress and strain using the band-only model, and assign the displacement, stress and strain values to the band in the right ventricle as the start for the whole model with a new zero-stress band length.
Mesh generation: a pre-shrink process and geometry-fitting technique for patientspecific CMR-based models
Under the in vivo condition, the ventricles were pressurized and the zero-stress ventricular geometries were not known. In our model construction process, a pre-shrink process was applied to the in vivo end-systolic ventricular geometries to generate the starting shape (zero ventricle pressure) for the computational simulation. The initial shrinkage for the inner ventricular surface was 2-3% and end-systolic pressure was applied so that the ventricles would regain its in vivo morphology. The outer surface of the ventricular shrinkage was determined by conservation of mass so that the total ventricular wall mass was conserved. Without this shrinking process, the actual computing domain would be greater than the actual ventricle due to the initial expansion when pressure was applied.
Because ventricles have complex irregular geometries with patch and scar tissue component inclusions which are challenging for mesh generation, a geometry-fitting mesh generation technique was developed to generate mesh for our models. Figure 2-(g) gives an illustration of RV/LV geometry between two slices. Each slice was first divided into geometry-fitting areas (called "surfaces" in ADINA). The neighboring slices were stacked to form volumes. Using this technique, the 3D RV/LV domain was divided into many small "volumes" to curve-fit the irregular plaque geometry with patch as an inclusion. For the baseline RV/LV/ Patch FSI model constructed in this paper, the structure model had 1752 small volumes, 29443 nodes, and 25694 elements. The fluid model had 485 small volumes, 12526 nodes, and 65540 elements. Fine fluid mesh had 22786 nodes and 125175 elements. Mesh analysis was performed by decreasing mesh size by 10% (in each dimension) until solution differences were less than 2%. The mesh was then chosen for our simulations.
The model list, solution methods, and simulation procedures
A total of 11 models were constructed: the no-band solid-only and FSI models; 3 passive band models (PBM) with 3 different material stiffness (1 Stiff, 5 Stiff, and 10 Stiff, parameter values given in Fig. 3 ), 3 different active band models (10%, 15% and 20% zerostress band length reductions), and three active band models with viable patch materials. These full RV/LV/Patch/Band models were solved by ADINA (ADINA R&D, Watertown, MA, USA) using unstructured finite elements and the Newton-Raphson iteration method [29] . RV ejection fraction was calculated to seek the optimal surgical design for potential RV EF improvement. Stress/strain distributions and flow shear stress conditions on the band were calculated which will provide important information for band design and tissue regeneration.
Results
To give a general overview of the solution features, Figure 5 presents plots of maximum principal stress (Stress-P 1 ), strain (Strain-P 1 ) and flow velocity from the RV/LV/Patch/Scar FSI baseline model (no band) corresponding to maximum and minimum pressure condition and different filling and ejection phases. Impact of passive and active bands on ejection fraction and detailed stress/strain and flow shear stress on the band are given below. Table 1 presents a summary of RV ejection fraction from the baseline no-band FSI model and 3 FSI passive band models (PBM1, PBM2, PBM3), with 3 stiffness. We started from "Stiff 1" which is close to the stiffness of the Tecoflex material we tested and the stressstretch curve was given in Fig. 4 . The band was then made stiffer with the hope that stiffer material would have more contracting force and would lead to better EF. Our results indicated that the passive band did not improve EF as we originally hoped. The addition of a passive elastic band led to about 3-5% EF reduction for the 3 models considered. Stiffer bands further reduced ejection fraction (EF was 1.4% lower).
Impact of band material stiffness and length on RV ejection fraction
Impact of active band contraction on RV ejection fraction (EF)
Since passive band materials led to lower EF rates, three active contractions (band zerostress length reduced by 10%, 15% and 20%) were added to the band seeking possible RV EF improvements. Table 2 shows the EF values from the three active band models (ABM1-ABM3) for RV with patch and scar improved from 33.74% (PBM1, the corresponding passive band model) to 37.12%, 39.17%, and 39.58%, respectively. The EF improvement from PBM1 to ABM3 was 5.48%. When the patch and scar were replaced by "normal RV tissue", i.e. the scar area was replaced by myocardial tissue with normal contractile properties, the EF values from the three active band models (ABM4-ABM6) were further improved to 39.30%, 40.73%, and 41.47%, respectively. The EF improvement from PBM1 to ABM6 was 7.73%. Figure 6 shows the inner RV surface viewed from one cut plane, the corresponding maximum principal stress (Stress-P 1 ) and strain (Strain-P 1 ) plots from four selected models: (a) M1, solid-only model with patch and scar, no band; (b) M2, baseline FSI model with patch and scar, no band; (c) FSI passive band model with patch and scar; (d) FSI passive band model with patch and scar replaced by normal tissue. Clearly the RV geometry, curvature, material properties, patch, scar and band all have considerable contributions to RV stress/strain distributions. Large curvature caused noticeable stress/strain concentrations in all four models. High stress/strain concentrations were also found where the band was connected to RV. Replacing patch and scar by normal tissue led to smoother stress/strain distributions. This could become possible if and when viable myocardium tissues could be generated using tissue engineering techniques under development [32] [33] [34] . Figure 7 shows Stress-P 1 and flow maximum principal shear stress (FMSS) on the band from our baseline FSI RV/LV/Patch/Band model. "Band stress" and "band FMSS" will be used from here on when no confusion arises. Band stress varies considerably (from 56 kPa to 950 kPa) during a cardiac cycle, which poses requited strength for band materials. Band FMSS was in general under 20 dyn/cm 2 and was more influenced by flow near the tricuspid valve, and less influenced by the ejection flow. To provide more information about the flow environment surrounding the band, Fig. 8 plots FMSS with a cut plane passing through the band. Both RV side and LV side were presented. It should be noted that global maximum FMSS occurred near the tricuspid and pulmonary valve area, as expected.
Stress/strain distributions and blood flow have complex patterns in the ventricle
Mechanical stress and flow shear stress on the band
Discussion
Motivation to develop the band model and its clinical potential
With the rapidly increasing number of late survivors of Tetralogy of Fallot repair, surgical management of patients with right ventricular dysfunction has become a major clinical challenge. Dr. del Nido and Dr. Geva et al. have proposed aggressive scar tissue removal and RV volume remodeling as a way to improve RV function after pulmonary valve replacement surgery [5] . However, in a randomized prospective clinical trial, this aggressive approach did not result in measurable improvement in RV ejection fraction or RV enddiastolic volume compared to pulmonary valve insertion and RVOT patch reduction alone [6] . Innovative surgical ideas are needed to meet the major clinical challenge. That motivated the current proposed band insertion approach. The band will not only assist the ventricle to contract and improve its EF, it will also help the tricuspid valve to close properly and address the associated regurgitation issue which is not included in our current models. Originally, we thought that the elastic band would help the ventricle to contract and improve RV ejection fraction. Our results given by Table 1 proved that passive band would actually reduce ejection fraction. That is because while the band could help the RV to contract, it would also resist ventricle expansion (relaxation). That prompted us to try active contracting band. If an active contracting material or actuator could be used for the band material, the band may be able to augment the contraction of the RV.
Combined with the tissue regeneration techniques that restore RV myocardium, the combined scar tissue replacement plus active band approach has the potential to improve ejection fraction by 7.7% (41.47% from ABM6 over 33.73% from PBM1) and 4% (41.47% from ABM6 over 37.45% from CMR EF data). The impact on functional status will depend on a number of factors such as LV function. However, a 7% increase in RVEF (or even the 4% over CMR EF data) compares favorably with recently published drug trials to treat heart failure where an improvement in LVEF of 3-4% resulted in a significant improvement in functional capacity [35] .
It should be noted that the proposed surgical procedure requires long-term efforts from multi-disciplines to get close to and be implemented in clinical practice. The computational simulations (virtual surgery) provided "proof of concept" for further investigations using in vitro experiments, animal models and final patient studies. Computational models are noninvasive and may be used to supplement/replace empirical and often risky clinical experimentation, or even guide the design of new clinical trials to examine the efficiency and suitability of various reconstructive procedures in diseased hearts. Tissue engineering and regeneration techniques also need to be developed to generate the contracting bands and viable myocardium.
Similar passive ventricular restriction approaches to the one proposed here have been evaluated and implanted in patients with left ventricular dilation and functional mitral regurgitation. An example of this approach is the Coapsys device (Myocor, Maple Grove, MN, USA). As the Coapsys device demonstrated effectiveness in reducing not only functional mitral regurgitation but also short-axis LV dimensions [36] , the proposed RV band approach may also be expected to improve RV dimensions and may even be effective in treating functional tricuspid regurgitation, which is seen in these patients. Considering that annular and ventricular dilatation contributes to tricuspid regurgitation, the passive band may be effective in reducing regurgitation, even though the passive band had little effect on EF in the present study.
A tissue engineering process to generate active contracting bands
Proulx et al. described a band made from fibrin that could be seeded with mesenchymal stem cells and stitched through a collagen gel [34] . Seeding these fibrin bands with contractile cells, possibly derived from stem cells, may provide an actively contracting band. Also, recent work suggests that contractile cells can be generated to replace scarred myocardium, providing a contracting scaffold [32] [33] . Our group is currently developing tissue engineering techniques to generate contracting bands by seeding induced pluripotent stem cell derived myocytes (iPS-myocytes) on fibrin microthreads (Fig. 1) . Rat and porcine models will be employed first to test the feasibility of the band insertion procedures.
Multiscale modeling and its relevance to band design, cell retention and detachment
It is well known that mechanical forces play an important role in biological processes. The in vivo MRI-based human RV/LV/Patch/Band model is adding the band into consideration as a potential surgical option for ventricle repair. However, actual material for the contracting band must be available so that clinical implementation could be possible. The modeling approach will not only demonstrate the feasibility of the innovative RV PVR surgical procedure, it also provides detailed localized mechanical stress and flow conditions which will be used as guidance in our band design (Figures 7 & 8) . In our band designing process, mechanical testing will be performed to make sure that the band will be strong enough to meet the stress conditions predicted by our models. Another important issue for cell-seeded band placement is cell retention. It is critical that the cells remain attached to the microthreads upon implantation so that they may continue to generate a functionally contractile band [37] [38] [39] [40] . Based on fibroblast adhesion data, we expect over half of our cells will remain attached for over an hour at 350 dynes/cm 2 [38] . This compares favorably to the band FMSS predicted by our FSI models. To more closely recapitulate the environment in the heart, we plan to utilize a parallel-plate flow chamber, the most common device for quantifying effects of shear stress on adherent cells, modified to accommodate our cellseeded bands. Micro-level CFD simulations will be used to accurately determine the shear stresses on the undulating surface of the microthread bundle. The flow rates utilized in the experiment will be informed by the macro-level FSI simulations.
Model limitations and future directions
Several improvements can be added to our models in the future for better accuracy and applicability: a) multi-band design for better tricuspid valve closure to address the regurgitation issue; b) inclusion of both tricuspid and pulmonary valve mechanics in the model to simulate regurgitation; c) direct measurements of tissue mechanical properties for improved accuracy of our models; d) proper ways to model active contraction by adding active stress and techniques adjusting zero-stress sarcomere fiber length; e) multi-scale models including organ, cell, and gene investigations. This will allow mechanical conditions obtained from organ level to pass to micro level and cell activities obtained from micro level to organ level to discover mechanisms governing tissue regeneration process.
Conclusion
The CMR-based RV/LV/Patch/Band models with fluid-structure interactions introduced in this paper provides a "proof of concept" for using contracting bands to improve RV cardiac function. The impact of band material stiffness variations and active contraction were investigated. Our preliminary results indicate that the band insertion, combined with active band contraction and tissue regeneration techniques that restore RV myocardium, has the potential to improve right ventricle ejection fraction by 7.7% over passive band model and 4.0% over CMR-measured RVEF. Model-predicted band stress and band flow shear stress will provide useful guidance for our proposed tissue engineering techniques to generate contracting bands. The computational simulations suggested that further investigations using in vitro experiments, animal models and final patient studies are warranted. Stress-P 1 , Strain-P 1 and flow velocity plots from the RV/LV/Patch/Scar FSI model (noband) corresponding to maximum and minimum pressure condition and different filling and ejection phases. Stress and strain plots from four models corresponding to maximum pressure condition showing complex stress/strain behaviors. Flow maximum principal stress viewed with a cut-plan passing through the band showing overall FMSS distributions and FMSS on the band. Table 1 Summary of RV ejection fractions (RVEF) from 5 models: No-band solid-only and FSI models and 3 passive band models with band stiffness variations.
Stiffer band provided slightly lower ejection fraction. RVEF rates from all passive band models were about 4-5% lower than the no-band model. Mooney Rivlin model parameters for the 3 band stiffness variations were given in Fig. 4 . 
